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Since an early change in V m closely relates to [K ϩ ] o accumulation (34, 60) , the K ϩ imbalance is considered to be the major factor affecting excitability and is responsible for slow impulse propagation and induction of reentry (51) . The elevation of [K ϩ ] o displays a triphasic time course and can be affected by an acceleration of pacing rate (35, 58) . The first phase starts immediately after occlusion, lasts 5-10 min, and ends when [K ϩ ] o rises up to 14 mM (12, 25) . The second phase represents a plateau and continues 5-20 min (25, 57) . The third phase is characterized by secondary slower increase of [K ϩ ] o (57). The regional ischemia causes a very inhomogeneous [K ϩ ] o distribution, with the highest level of [K ϩ ] o at the center of the ischemic area and a sharply decreased level at the border zone (17, 30) . This heterogeneity, developing during the first phase of [K ϩ ] o accumulation, can be a source of wave fragmentation and underlie 1a arrhythmias.
Although numerous studies have been devoted to investigation of both metabolic and electrophysiological events accompanying the early stage of ischemia, there is a lack of systematic examination of the particular role of K ϩ heterogeneity in arrhythmogenesis during suddenly increased heart rate, due to the rapidity of electrophysiological changes after coronary artery occlusion and the complexity of the regional changes in metabolic substrate during ischemia. We address these limitations with a study that has the goals of 1) creating well-defined K ϩ heterogeneities by means of regional perfusion (RP) with solution containing different concentrations of K ϩ ; and 2) investigating the role of K ϩ heterogeneities in the response of cardiac tissue to rapid pacing and arrhythmia induction.
METHODS

Experimental preparation.
All experiments conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and were approved in advance by the Vanderbilt Institutional Animal Care and Use Committee.
New Zealand White rabbits (N ϭ 17) of either sex, weighing 2.7-3.1 kg, were used in the experiments. The detailed description of the heart preparation has been published previously (52) (53) (54) . The animals were preanesthetized with ketamine (50 mg/kg), heparinized (1,000 units), and anesthetized with pentobarbital sodium (60 mg/kg). After a midsternal incision, the heart was quickly removed from the chest and mounted on a Langendorff apparatus for retrograde perfusion with oxygenated Tyrode's solution of the following composition (in mM): 133 NaCl, 4 KCl, 2 CaCl 2, 1 MgCl2, 1.5 NaH2PO4, 20 NaHCO3, and 10 D-glucose, buffered with 95% O2 and 5% CO2 (pH ϭ 7.35 at 37°C). The excitation-contraction uncoupler 2,3butanedione monoxime (BDM) (Fluka, St. Louis, MO) was added to the perfusate (15 mM) to eliminate contractile optical artifacts. The coronary perfusion pressure was adjusted to 50 mmHg, and the flow rate was 44 -49 ml/min.
After an equilibration time of 20 min, the heart was stained with 200 M of di-4-ANEPPS (AnaSpec, San Jose, CA) stock solution (0.5 mg/ml DMSO), gradually administered via an injection port above the aortic cannula. To create a local gradient of [K ϩ ]o, the left marginal vein was cannulated with a custom-made polyethylene catheter and perfused separately with Tyrode's solution containing K ϩ concentrations of 4, 6, 8, 10, and 12 mM. The concentration of Na ϩ was decreased proportionally to maintain constant osmolarity. The hearts were exposed to air during the experiments. The experimental setup was located in a light-tight Faraday shield, and the temperature inside was kept at 37 Ϯ 0.5°C by a precision heater controller (Air-Therm, World Precision Instruments, Sarasota, FL). At the end of the experiment, an additional amount of di-4-ANEPPS was infused via the polyethylene catheter to visualize the area of RP.
Imaging system and data acquisition. The fluorescence was excited by a diode-pumped, solid-state laser (Verdi, Coherent, Santa Clara, CA) at a wavelength of 532 nm. The illumination was delivered to the heart with bundles of optical fibers (Schott North America). The emitted light was passed through a cutoff filter (607 nm, Tiffen) and imaged with a DALSA charge-coupled device camera (DS-12-16K5H, 128 ϫ 128 pixels, 490 fps, Dalsa, Waterloo, ON, Canada). The digitized pixel intensity was transferred to a Bitflow R3 frame grabber board (Bitflow, Boston, MA), installed in a Dell 650 Pentium IV/3 GHz Precision Workstation. Custom-developed C-based software controlled data acquisition, camera synchronization, external stimulation, and laser illumination. The magnification was adjusted to focus on a square area of 18 -28 mm.
Stimulation protocols. The stimulation protocols included baseline stimulation at a cycle length of 300 ms, a dynamic pacing protocol when the pacing interval (PI) was gradually reduced to 120 ms with steps of 5-50 ms, and a burst pacing protocol. The stimulating current was delivered via a bipolar glass-coated platinum electrode (0.25-mm wire diameter; 1-mm electrode separation) located on the anterior surface at the right ventricle near the septum. The stimulus was 4 ms in duration, with strength adjusted to between three and four times the diastolic threshold of excitation.
After cannulation of the left marginal vein, the local area of the left ventricle was perfused separately by constant flow at a flow rate of 10 -12 ml/min with regular solution for 30 min. During this period, the heart was stimulated at the basic cycle length. Thereafter, if no ischemic changes in the shape of the optical action potential (AP) were detected, the dynamic pacing protocol was implemented. After each increase in stimulation rate, the heart was continuously paced for 2 min before data acquisition. Once the fast pacing protocol was completed, the stimulation was switched back to the basic PI of 300 ms, and the supply system for the RP was exchanged for one with a solution with 6 mM of K ϩ . After 15 min of perfusion at the normal The burst pacing protocol was implemented in RP experiments (N ϭ 6) to assess vulnerability to arrhythmia induction at different concentrations of regional [K ϩ ]o. In this protocol, the basic pacing was interrupted with a pulse train consisting of 10 successive stimuli, each of which was 10 times the threshold in amplitude and 10 ms in duration. The PI was progressively shortened in 5-to 20-ms steps, starting from 200 ms down to the effective refractory period.
To estimate the effect of [K ϩ ]o on AP duration (APD) and conduction velocity (CV) restitution, [K ϩ ]o was increased globally. In those experiments (N ϭ 4), the stimulation current was delivered by means of a 10-mm-long linear wire electrode. The electrode was placed gently against the epicardium on the upper left corner of the image area close to septum and oriented perpendicularly to the fibers to allow steady propagation along the fiber direction. The hearts were paced at a basic cycle length of 400 ms. Similar to the RP experiments, dynamic pacing protocol was applied to test each level of [K ϩ ]o.
Data processing and statistical analysis. The fluorescence data were filtered by an 8 ϫ 8 Gaussian spatial filter and five-point mean temporal filter. To create a phase plot, the filtered data were normalized pixel by pixel, according to fluorescence change during normal pacing rate. To detect the time of activation and repolarization, the data were additionally preprocessed by applying a 5 ϫ 5 Gaussian filter and five-point mean temporal filter. For phase singularity (PS) analysis, data were filtered using the fourth-order low-pass Bessel filter.
The activation time (AT) was computed as the time elapsed between the end of the stimulus and the time at which optical AP reached an activation level equal to 50% of AP amplitude. The repolarization time (RT) was measured at 70% repolarization. The diastolic interval (DI) was computed as the time interval between RTn and ATnϩ1, and APD was computed as a difference between AT n and RTn.
To assess statistically the alternans of AP amplitude, AT, and APD, the relative standard deviations (RSD ϭ standard/mean ϫ 100) of AP amplitude, AT, and APD were computed for every location and then mapped. To construct the dominant frequency (DF) map, a fast Fourier transform was utilized for trace at each pixel, and the maxima of power spectra were considered as the DF for that pixel.
To create the restitution curve, APD was measured within two different spots (each of 5 ϫ 5 pixels) and then averaged to obtain mean values for odd and even waves. In total, 50 traces were analyzed to attain the APD for each pacing rate. An exponential curve was fit to a restitution relationship by means of the equation (OriginLab):
where units of t, a, and b are in milliseconds. The slopes of the restitution curves were obtained by computing the derivative of these curves. To create the CV restitution curve, the CV was measured along the fiber direction transverse to the propagating planar wave and then averaged to attain mean CV for odd and even waves.
To estimate arrhythmia susceptibility, each pulse train was applied six times, and episodes of arrhythmias and extrasystoles were counted. Then the probability of arrhythmia induction was calculated. We discriminated extrasystolic from arrhythmic activities based on their duration. If extra beats stopped within 1 s after termination of the last pacing pulse, those were considered as extrasystoles. Usually, the number of extrasystoles did not exceed four beats.
Data are presented as means Ϯ SD. Statistical analysis was accomplished using the unpaired t-test. Differences were considered significant if P Ͻ 0.05.
PS detection. To find the PSs, the Vm traces were translated into phase space, where amplitude cycles in the time domain correspond to the loops in phase domain, rotating around a single origin (7, 8) . To identify the origin, the median line connecting the middle points of amplitude was determined by data detrending. During this procedure, all local minima and maxima of signal amplitude are detected, and middle points are connected with interpolation using linear piecewise polynomials. After median line subtraction and data normalization, the phase plot was generated for each pixel using time-lag embedding (32) . Each period was depicted as a 2 circle, resulting in a series of closed loops. The phase angle, (t), was calculated using
where Vm (t ϩ ) is the Vm shifted with the time-lag , V m * is the origin, and arctan is a four-quadrant inverse tangent such that (t) is in the range [Ϫ, ]. Given (t), the spatial phase maps can be created, and PSs can be identified. The PS is the spatial point at which all phase values converge (62) and may be localized by means of topological charge calculation (9, 24) , defined as (23, 44),
where the line integral is taken over a closed curve c surrounding the singularity, and nt is an integer value whose sign depends on the chirality of phase surrounding the singularity. If the line of integration does not enclose the PS, the result is 0; if it does enclose the PS, the result of integration is an integer number, different from zero. Figure 1 demonstrates the analysis of tissue response to fast pacing (PI ϭ 145 ms) when the heterogeneity was created by means of RP with Tyrode's solution containing 10 mM of K ϩ . The heart image with superimposed isochrones is illustrated in Fig. 1A . Figure 1B presents phase plots and corresponding optical traces extracted from the five pixels marked by black squares in panel A and positioned on the line segment intersecting the boundary of the heterogeneity. The alternans, which occurs as a beat-to-beat change in AP amplitude, starts to develop near the [K ϩ ] o heterogeneity. In phase plots, these irregularities appear as smaller inner loops that shrink as the observation point approaches the RP area and finally vanish, indicating transition to a new rhythm. The transition from normal to 2:1 rhythm is also evident in the time-space plot constructed along the line segment linking pixels 1 and 5 (Fig. 1C ). Figure 1D includes AP maxima and minima of all pixels of the line segment and illustrates the alternans dynamics as a function of distance.
RESULTS
AP amplitude alternans and conduction block at the boundary of [K ϩ ] o heterogeneity.
To assess the spatial distribution of the alternans, the RSD of the AP amplitude was calculated for each time trace and presented as a RSD map in Fig. 2A . The darker areas in the RSD map correspond to the larger alternans, which precede the conduction block. Figure 2B shows the profile of the RSD map extracted from the line segment between pixels 1 and 5 in Fig.  2A . The RSD profile slowly rises up, indicating an increase of AP amplitude variability, and then sharply falls down when crossing the line of block. The DF map in Fig. 2 , C and D, illustrates two times decrease in frequency within RP area (3.5 Hz) compared with tissue perfused with normal [K ϩ ] o (7 Hz).
The effect of K ϩ heterogeneity on the tissue response dynamics is very prominent in the PS maps presented in Fig.  2E . The PSs start to precipitate in the RP area when PI is decreased from 300 to 200 ms. The distribution of PSs signifies the area of unstable electrical activity, which expands with increasing pacing rate. The similar dynamics of AP alternans and PSs were observed in five experiments. In two experiments, we did not observe 2:1 aperiodicity during RP with 10 mM of K ϩ at as short a PI as 140 ms, although alternans was very prominent, and the unstable area also enlarged with acceleration of pacing rate. Figure 3 shows mean AT maps in conjunction with histograms created from data obtained during RP with different levels of [K ϩ ] o at the basic pacing rate (PI ϭ 300 ms). The activation is most homogeneous when the heart was regionally perfused with a solution containing a normal level of K ϩ (4 mM). The elevation of the regional [K ϩ ] o up to 10 mM progressively slows down conduction and causes ample AT delay in the apical part of the heart. The delay is most prominent transverse to the fiber direction close to the boundary of the RP area. However, no AP alternans was observed at the basic stimulation rate. The related histogram of AT mean values becomes broader and then splits, revealing a bimodal distribution for RP with 10 mM of K ϩ . The two separate peaks with local maxima at 44 and 98 ms correspond to activation of normal tissue and tissue perfused with high K ϩ . Further elevation of K ϩ in perfusate to 12 mM led to complete depression of excitability of the RP area in five of the seven analyzed experiments. In two experiments, the RP tissue became unexcitable when the local [K ϩ ] o was elevated to 14 mM. The change in the AT histogram as a result of acceleration of the pacing rate is illustrated in Fig. 4 . The shortening PI from 300 to 250 ms increases the delay between two maxima from 54 to 65 ms. When PI is decreased to 200 ms, the first hump starts to divide into two peaks, wherein the second peak reflects increasing delay of activation of the transitional zone between tissue with normal and high elevated [K ϩ ] o . At the same pacing rate, the right hump, which signifies the activation of the high [K ϩ ] o area, becomes broader and lessens in amplitude, with the maximum shifted to 130 ms from 98 ms at PI of 300 ms. The AT histogram reveals very slow and heterogeneous propagation when PI is 180 ms. The shortening of the PI to 150 ms leads to a different behavior of the AT distribution of normal compared with high [K ϩ ] o regions. In particular, compared with PI of 160 ms, the first and second humps at PI of 150 ms move slightly toward a longer time interval, whereas the activation of the RP area (third hump) becomes markedly more homogeneous, with a peak at 120 ms. Such unexpected "improvement" of the activation of the high [K ϩ ] o area occurs due to the transition to steady 2:1 rhythm with PI shortening to 150 ms.
Effect of [K ϩ ] o heterogeneity on distribution of ATs.
Effect of elevated [K ϩ ] o on restitution properties. To elucidate the mechanism of induction of AP alternans by high [K ϩ ] o , we examined AT along with APD variations at short PI when alternans was most prominent. Figure 5 presents a comparative data analysis of RP experiments when the apical part of the heart was perfused separately with Tyrode's solution containing different levels of K ϩ . The stimulation protocol was the same as described above. In this case, decreasing PI to 140 ms produced substantial AP alternans, but did not exhibit 2:1 conduction block at RP with 10 mM of K ϩ . The high K ϩ induced considerable shortening of APD, as is evident in the lower part of the preparation at basic pacing rate (Fig. 5A ). The vigorous AP alternans develop during fast pacing when excitation propagates from the normal to the high [K ϩ ] o area. It is clearly seen in the time-space plot (Fig. 5B ) constructed along the dashed line transverse to the wave front in Fig. 5A .
To assess the propagation alternans, which could potentially cause the local electrical instability at the high [K ϩ ] o region, we examined ATs along with APDs in a Poincaré plot, which is the generally accepted way to investigate the cardiac cycle beat-to-beat variability (31, 42) . Figure 5 , C and D, illustrates the Poincaré plot generated by plotting AT of wave n (AT n ) vs. AT of the wave nϩ1 (AT nϩ1 ) for 4 and 10 mM of regional [K ϩ ] o during fast pacing (PI ϭ 140 ms). The time traces for analysis were from the black rectangle in Fig. 5A , which includes both normal and high [K ϩ ] o areas. Visual inspection of the shape of the Poincaré plot reveals a very uniform and narrow distribution across the line of identity (y ϭ x) for RP with 4 mM of K ϩ (Fig. 5C ) and for the most part of the distribution for RP with 10 mM of K ϩ (Fig. 5D ). The AT distribution becomes slightly broader at the end for ATs more than 32 ms. Such broadening implies some increase in beatto-beat variability of conduction when the wave propagates over a high [K ϩ ] o region. A Poincaré plot built as APD n vs. APD nϩ1 demonstrates a drastic disparity in AP dynamics for 10 mM of regional [K ϩ ] o (Fig. 5F ) compared with 4 mM of local [K ϩ ] o (Fig. 5E ). When RP is performed with 4 mM of K ϩ , APD distribution is very clustered in the top right corner. The symmetry with respect to the identity line indicates some APD alternans. A Poincaré plot created for 10 mM of regional [K ϩ ] o also has a clustered region in the top right corner, which relates to the area with normal [K ϩ ] o . However, it splits into two symmetrical branches, implying progressive increase of APD alternans in the high [K ϩ ] o zone.
To test the hypothesis that spatial heterogeneity of APD restitution due to high regional [K ϩ ] o can result in AP instability and reentry induction, we conducted additional experiments to investigate the effect of elevated [K ϩ ] o on APD restitution characteristics. In those experiments (N ϭ 4), [K ϩ ] o was increased globally, and a dynamic pacing protocol was applied to reconstruct the restitution relationship for different levels of [K ϩ ] o . Figure 6 illustrates the APD restitution relationships resulting from perfusion with Tyrode's solution con- Figure 7 demonstrates the slopes of restitution curve fits shown in Fig. 6B . It is clearly seen that elevation of [K ϩ ] o flattens the restitution relationship, but the region of steep slope (Ͼ1) persists for all levels of [K ϩ ] o at short DI. The slope is Ͼ1 for DI Ͻ100 ms for 10 mM of K ϩ and DI Ͻ76 ms for 8 mM of K ϩ . The derivative of the restitution curves for 4 and 6 mM of K ϩ have a point of intersection at slope ϭ 1, such that, for both curves, the slope Ͼ1 is for DI Ͻ62 ms.
As expected, the increase of (Fig. 8C ).
Effect of [K ϩ ] o heterogeneity on arrhythmia induction and susceptibility. Figure 9 shows the role of K ϩ heterogeneity in arrhythmia induction by burst pacing (PI ϭ 140 ms). The K ϩ heterogeneity was created by RP with a solution containing 10 mM of K ϩ . In this case, the reentrant arrhythmia was initiated after application of four S2 pulses. The excitation wave propagates through the upper basal part of the heart, but is blocked in the downward direction at the upper border of the high-K ϩ region, travels around the RP area along the boundary, and finally reenters the high-K ϩ region from the apical side (Fig.  9A ). The AP alternans during burst pacing can be clearly observed in the optical traces presented in Fig. 9B . The top and bottom traces were extracted from two pixels located at tissue perfused with a normal level of K ϩ and at sites close to the boundary (white line in Fig. 9A ), respectively. The V m maps in Fig. 9C demonstrate one complete cycle of reentry during the course of the arrhythmia.
To quantify the relationship between K ϩ heterogeneity and vulnerability to ventricular arrhythmias, we conducted six separate experiments, wherein a burst of 10 successive stimuli at shorter PIs was tested. Figure 10 demonstrates how the rate of arrhythmia induction depends on local [K ϩ ] o and PI during burst pacing. The elevation of the local [K ϩ ] o from 4 mM up to 6 mM extends the vulnerable interval from 10 to 20 ms. Subsequent augmentation of the regional [K ϩ ] o up to 8 mM substantially increases the probability of extrasystole occurrence in the interval of stimulation periods between 140 and 160 ms and also accelerates the arrhythmia incidence. The RP with 10 mM of K ϩ is associated with the highest rate of arrhythmia induction with a maximum at PI of 150 ms. The following elevation of the local [K ϩ ] o to 12 mM decreases the probability of arrhythmia induction for all except 145-ms stimulation intervals. However, the rate of extrasystole incidence increases for 140-, 150-, and 180-ms stimulation intervals and decreases for PIs of 145, 155, and 160 ms.
DISCUSSION
AP alternans in amplitude and duration are frequently observed at the onset of ischemia (21, 45) and during rapid pacing (15, 48) . It was demonstrated that elevation of [K ϩ ] o can also cause AP alternans (19, 38) . In isolated preparations of canine endocardial muscle, the fast pacing, along with a global increase in [K ϩ ] o from 8 to 12 mM, enhanced the magnitude of APD alternans (38) . The combination of 12 mM [K ϩ ] o and 120-ms PI led to 2:1 conduction block (38) . In a theoretical study, Arce et al. In their work, alternans was detected in a narrow range of elevated [K ϩ ] o around 13.19 mM under a fixed pacing cycle length of 400 ms. As [K ϩ ] o was increased, a transition from 1:1 rhythm to 2:2 alternating rhythm and then from 2:2 rhythm to 2:1 block was observed. Despite an evident relationship between increased [K ϩ ] o and occurrence of alternans on the one hand and between macroscopic local [K ϩ ] o heterogeneity, which takes place during the first minutes after coronary occlusion, and phase 1a arrhythmias on the other hand, studies linking these important issues are lacking.
In this work, we investigated experimentally the effect of an artificially created stable local K ϩ heterogeneity on the propagation pattern and demonstrated three dynamics: regular 1:1 sequence, alternating 2:2 rhythm, and 2:1 aperiodicity during fast pacing. These dynamics existed concurrently and were associated with tissue, as affected by different levels of [K ϩ ] o that ranged between 4 and 10 mM. The size of the area of alternating AP was not stable; it depended on the PI and expanded with acceleration of pacing rate. The local AP alternans appeared when PI decreased to 200 -180 ms. When the PI was shortened to 150 -140 ms, the area of unstable 2:2 rhythm relocated from the central zone to the border of K ϩ heterogeneity, whereas the central RP area exhibited 2:1 rhythm. The activation of this locally perfused area became more homogeneous due to the longer DI, resulting from 2:1 rhythm.
Two basic mechanisms of alternans have been considered. The first one is related to the dynamics of V m and is attributed to the restitution properties of tissue. The second mechanism is linked to Ca 2ϩ cycling instability (20, 49) . Because V m and intracellular Ca 2ϩ ([Ca 2ϩ ] i ) are bidirectionally coupled, usually these two mechanisms coexist. Since the elevation of [K ϩ ] o causes APD shortening and depression of excitability, and creates post-repolarization refractoriness, the traditional view is that it changes the character of interaction of the front and tail of subsequent waves during fast pacing and thereby creates CV alternans, which, in turn, lead to APD alternans and conduction block. In our work, we tested the alternative hypothesis that local elevation of [K ϩ ] o creates the spatial heterogeneity of the APD restitution and thereby forms a substrate for AP alternans and reentry induction. We found that successive elevation of [K ϩ ] o 1) flattens APD restitution; 2) shifts the restitution relationship towards shorter APD and a longer DI; and 3) preserves the steep slope of the restitution curve. The maximum slope of the APD restitution curve decreased from 1.8 for 4 mM to 1.1 for 10 mM of [K ϩ ] o , which signifies a shortening of the region of PIs where alternans could appear. The displacement of the restitution relationship to longer DI is evidence of post-repolarization refractoriness. In theory, the sustained APD alternans can occur in tissue if an APD restitution relationship has a maximum slope Ͼ1 (18, 47) . Due to post-repolarization refractoriness and maintenance of the steep slope of the restitution curve in the high-K ϩ perfused tissue, this region cannot accommodate the fast pacing. When stimulation rate progressively increases, it starts to generate alternans and then develops 2:1 aperiodicity, whereas most of the tissue is still able to support normal 1:1 rhythm.
The elevation of the [K ϩ ] o also affected the CV restitution relationship. It slowed down propagation and flattened the restitution curve and thereby precluded occurrence of CV alternans (Fig. 8 ). Note that CV alternans at 4 mM of [K ϩ ] o started to develop at PI Յ 140 ms, whereas AP alternans in the high-K ϩ region appeared when the PI was decreased to 200 -180 ms, and 2:1 aperiodicity was detected at PI Յ 150 ms. This excludes the contribution of alternating conduction originated at tissue perfused with normal K ϩ in formation of AP alternans observed in the high-K ϩ area. Does the propagation instability at the high-K ϩ area cause AP alternans? Based on our analysis of CV restitution relationship and lack of CV alternans at 10 mM of [K ϩ ] o , we conclude that the spatial heterogeneity of APD restitution is mainly responsible for the occurrence of AP alternans, conduction block, and reentry.
Our restitution results are consistent with the data of Koller et al. (38) , where the authors observed analogous behavior of the APD restitution relationship, although in a preparation of isolated sections of canine myocardium. In particular, the increase in [K ϩ ] o from 2.7 to 10 mM decreased the slope of APD restitution ratio at long, but not short, DI and decreased the range of DI where the slope was Ͼ1. Our findings are also comparable to results of the theoretical study of Bernus et al. (5) , where the authors used the Luo-Rudy model to simulate the three main components of ischemia at cellular level: hyperkalemia, acidosis, and anoxia. When pacing rate was increased, they observed a 2:1 conduction block on the periphery of the border zone and complete conduction block at the edge of the ischemic area. They found that hyperkalemia alone (14.5 mM of K ϩ ) is sufficient to induce such complex dynamics, and that voltage-dependent gating of Ca 2ϩ current is an ionic mechanism for alternating conduction block. We observed similar AP dynamics at close [K ϩ ] o level. As already mentioned, due to tight V m -[Ca 2ϩ ] i bidirectional coupling, [Ca 2ϩ ] i dynamics can play a substantial role in causing AP alternans and block in conditions of elevated [K ϩ ] o . Studies with concurrent V m and [Ca 2ϩ ] i registrations would be very valuable in addressing this issue.
Several factors determine the reentry inducibility in the regionally perfused rabbit heart preparation. The most important are the stimulation rate, the dimensions of the RP area, the location of stimulation, and the extent of excitability depression due to different levels of [K ϩ ] o . In our data, arrhythmia susceptibility predictably increased with rising [K ϩ ] o from 4 to 10 mM. However, further [K ϩ ] o elevation to 12 mM decreased arrhythmogenicity at most of the stimulation cycle lengths. During RP with 10 mM of K ϩ , the activation of the RP area occurred with a significant delay ( Fig. 4) , which increases with PI shortening and thereby promotes occurrence of the wave breaks at the border zone and facilitates reentry induction. Increasing [K ϩ ] o to 12 mM elevates the resting membrane potential to about Ϫ65 mV (50, 51) . At such a level of V m , the sodium inactivation gates are closing (4), and tissue becomes unexcitable (55) . As a result, the contribution of [K ϩ ] o heterogeneity to wave fragmentation is reduced, and this region plays a role mainly as an obstacle to anchor the reentry.
It has been postulated that "injury" currents flowing through the ischemic border are related to occurrence of ectopic beats and initiation of reentry (29, 36) . In our work, we did not detect any focal ectopic activity at the border zone. One possible reason is that the maximum level of local [K ϩ ] o was still too low to create a sufficient gradient in resting V m and meet sink-source requirements for excitation. The inability to form a sharp transition from high to low [K ϩ ] o could also prevent reexcitation. On the other hand, high cell-to-cell coupling also contributes to the preclusion of an abrupt gradient in resting V m .
In conclusion, the stable K ϩ concentrations that we used to create a myocardial heterogeneity correspond to the levels of [K ϩ ] o detected during the first 10 min after coronary occlusion (58, 61) . This early period of acute ischemia is characterized by a maximum rate of incidence of ventricular arrhythmias (13, 33) , and the phenomenon described in this work can be one of the scenarios for reentry induction in phase 1a arrhythmias. The power of our preparation and analysis lies with our ability to control the severity of the regional heterogeneity and quantify the resulting changes in AP dynamics, conduction, and increases in arrhythmogenicity, which play important roles in the electrophysiological disturbances associated with acute myocardial ischemia.
Limitations. To abolish the motion artifact from recorded data, the optical mapping techniques require the use of excitation-contraction uncouplers. In the present study, we utilized BDM, which is known to change several membrane conductances (6, 56) and thereby causes some electrophysiological effects (14, 37, 40) , including flattening the APD restitution curve (3). To examine the potential effect of BDM on the dynamics of cardiac response, we conducted two additional experiments using a new excitation-contraction uncoupling agent, blebbistatin, which is considered to have no effects on the AP morphology in rabbit cardiac tissue (22) . Similar to our experiments using BDM, we observed three concurrent dynamics, normal, 2:2, and 2:1 rhythm, when [K ϩ ] o was regionally elevated and PI was shortened to 140 ms. Hence we concluded that the effects we observed were not dependent on the use of BDM.
